The optimal radiation dose for definitive chemoradiotherapy in inoperable esophageal squamous cell carcinoma (ESCC) has been long debated. In this study, we evaluated the effect of doses greater than the conventional radiation dose (50.4 Gy) on tumor control, tumor response, overall survival (OS), and disease-free survival (DFS).
Introduction
Esophageal cancer is the 8th most common cancer and the 6th most common cause of cancer death, worldwide. [1] Global cancer statistics indicate an increasing incidence of esophageal cancers, but treatment outcomes remain poor. [2, 3] In Taiwan, esophageal cancer is a leading cause of cancer death in males. [4] Unlike in the West, esophageal squamous cell carcinoma (ESCC) is more predominant than esophageal adenocarcinoma (EAC). [5] [6] [7] In previous studies, those with ESCC had significantly higher locoregional recurrence (LRR) rates but a lower hematogenous metastasis rate than patients with EAC after definitive chemoradiotherapy (CRT). [8, 9] In addition, the pathologic complete response rate was significantly higher in patients with ESCC compared with patients with EAC after neoadjuvant CRT. [8] On the contrary, ESCC will sometimes manifest as oropharyngeal squamous cell carcinomas while EAC can manifest as gastric adenocarcinoma. [10] Furthermore, ESCCs are commonly located in the cervical and thoracic esophagus while EACs are located mostly at the gastroesophageal junction. [11] Whether the above factors indicate that ESCC will respond to treatment at higher than normal radiation doses remains unknown.
More than half of ESCCs are diagnosed in a late unresectable stage, with concurrent chemoradiotherapy (CCRT) as the treatment of choice. Currently, the standard dose of definitive CCRT is 50 to 50.4 Gy (1.8-2.0 Gy/d), based on the landmark INT0123 (RTOG 9405) phase III trial. [12] In the INT0123 trial, 2-dimensional radiation was primarily used, unlike the intensitymodulated radiation therapy (IMRT) which has been the major radiation technique for the last decade. Aside from that, patients in the INT0123 trial were mostly in early stage (AJCC stages I-II) cancer and included those with both ESCC and EAC. In contrast to the West, in Asia ESCC is the dominant pathology and most cases diagnosed are unresectable due to advanced stage. [13, 14] The optimal radiation dose for definitive CCRT in ESCC has long been debated. In our study, we evaluated whether doses greater than the conventional radiation dose (50.4 Gy) can improve tumor control, tumor response, overall survival (OS), and disease-free survival (DFS) in patients with inoperable ESCC.
Materials and methods

Data source
We performed a retrospective analysis using patient data from the Chi-Mei Medical Center, a large regional medical center serving a population of more than 3 million. The variables included were patient demographics, cancer stage, and interventions received, including surgery, radiation therapy, and chemotherapy. Details related to radiation technique included arc vs IMRT, fraction size, treatment dose, and treatment field. Other clinical details included 1st day of radiation treatment, last day of radiation treatment, 1st day of failure, failure pattern, time of follow-up, personal history, comorbidity, morbidity, and mortality. We defined progress disease (PD) "local recurrence" regional recurrence and distant recurrence as treatment failure. Using Response Evaluation Criteria In Solid Tumors (RECIST) V1.1 [15] criteria with images by computed tomography (CT) to evaluate tumor response of treatment. The definition of CR is disappearance of all target lesions and confirmed at 4 weeks. The definition of PR is at least a 30% decrease and confirmed at 4 weeks. The definition of SD is neither PR nor PD. The definition of PD is at least a 20% increase or no CR, PR, or SD documented before increase disease.
Study cohort
The database of patients diagnosed with ESCC from 2007 to 2015 was obtained from the cancer registry of Chi-Mei Medical Center. The inclusion and exclusion criteria are summarized in Figure 1 . ESCC stages I to III was identified, and only unresectable patients receiving CCRT were included. Patients with incomplete data or those coded as receiving palliative care were excluded from the study.
Statistical analysis
Demographic characteristics were compared between patients receiving doses of 50.4 and >50.4 Gy. All categorical variable items for the 2 groups were compared using Chi-squared test ( Table 1 ). The primary endpoint was DFS, defined as the time from the 1st day of radiation treatment until the 1st day of failure. The secondary endpoint was OS, defined as the time from the 1st (Table 2) . Failure patterns and tumor treatment response between the 2 groups were also compared using the Chi-squared test (Tables 3 and 4) . We further stratified the groups by tumor location and tumor AJCC stage, using the log-rank test to compare OS and DFS (Tables 5 and 6 ). All statistical significance levels were set as 2-sided, with P .05. Statistical analyses were performed using SPSS, version 22 (IBM Corp, Armonk, NY).
Results
Patient characteristics and demographics
We identified 84 patients, stages I to III ESCC who received definitive CCRT from 2007 to 2015 at Chi-Mei Medical Center (Fig. 1) . The demographic characteristics and tumor-specific and treatment-related data are listed in Table 1 The multivariate Cox regression analysis indicated that advanced AJCC clinical stage (>stage III) was a statistically significant independent predictor of poor outcomes in ESCC (Appendix 1, http://links.lww.com/MD/C633). Major prognostic factors associated with better OS on multivariate analysis were stages I and II cancer (P = .03) and the use of arc therapy (P = .04) (Appendix 1, http://links.lww.com/MD/C633).
Survival outcome
The median and 2-year OS for patients treated with 50.4 Gy was 12.6 months and 54.8% compared with 23.9 months and 57.1% for those treated with >50.4 Gy (P = .06). Neither OS nor DFS differed significantly by radiation dose, according to univariate and multivariable Cox regression (Table 2, Figs. 2 and 3). When dose levels were further subdivided into <50, 50 to 50.4, 51 to 60, and >60 Gy, differences in OS or DFS remained without statistical significance between the 4 groups ( Table 7) .
Failure pattern and clinical tumor response
Failure pattern, including local-regional failure and distant failure (P = .42), showed no statistically significant differences by radiation dose (Table 3) . However, those receiving the higher dose (>50.4 Gy) had a higher complete response rate than those receiving the conventional radiation dose (50.4 Gy) (P = .002) ( Table 4) .
Subgroup analysis
Additional subgroup analyses were performed to examine OS and DFS by radiation dose according to tumor location and (Tables 5 and 6 ).
Treatment-related morbidity and mortality
We reviewed all medical records but found neither treatmentrelated deaths nor more than grade III acute toxicity. Common Terminology Criteria for Adverse Events (CTCAE) Version 4.0 to record the adverse reaction was used (Appendix 2, http://links. lww.com/MD/C633). All toxicities including radiation dermatitis "radiation esophagitis" dysphagia and cough were no difference between 2 groups. No dyspnea in all patients was noted. Fourteen patients had grade II radiation dermatitis in high-dose group and 4 patients in conventional dose group. One patient had grade II radiation esophagitis in high-dose group and 5 patients in conventional dose group. There was no grade II dysphagia in high-dose group but 1 patient in conventional dose group. There was no grade II cough in conventional dose group but 2 patients in high-dose group.
Discussion
Reports of rates of OS and DFS differ in esophageal cancers treated with CCRT. [16] [17] [18] However, previous studies differed widely in their histology and radiation technology. The current standard suggested dose for definitive CCRT, 50 to 50.4 Gy (1.8-2.0 Gy/d), was based on the landmark INT0123 (RTOG 9405) phase III trial. [12] However, this trial used primarily 2-dimensional radiation techniques. In addition, these patients were mostly in early stage cancer (AJCC stages I-IIB). Moreover, both ESCC and EAC were included in the trial. However, in Asia, locally advanced (stage III) ESCC is the primary diagnosis and IMRT is the major radiation technique. Therefore, higher radiation doses are possible and have been tried in various cancer centers with mixed outcomes. A 2016 retrospective analysis from the US National Cancer Data Base (NCDB) also supported the conclusions of INT0123, even though it included modern techniques like 3-dimentional radiotherapy and IMRT. [19] However, this study also had a mixed study group of ESCC (45.8%) and EAC (54.2%). Unlike the higher dose of 64.8 Gy in the INT0123 trial, higher doses in the NCDB were 55 to 60 Gy (17.8%) and >60 Gy (13.9%). In our study, we limited our patients to those with inoperable advanced ESCC with IMRT as the major radiation therapy technique. Patients receiving CCRT with radiation doses >50.4 Gy had no significant change in OS or DFS over those receiving conventional doses. Our results coincide with those from the 2 important US studies. [12, 19] In another trial from Chang et al [4] high-dose IMRT-based CCRT yielded more favorable survival outcomes in patients with advanced stage ESCC. However, the cut point for radiation therapy dose was set at 60 Gy rather than the standard 50.4 Gy. The relative higher dose (45-59.4 Gy) in the low-dose group (<60 Gy) may have skewed these results. In addition, the median dose of the high-dose group (>60 Gy) was 66.6 Gy and ranged from 60 to 72 Gy. The high dose was therefore higher than in the INT0123 trial, the NCDB study or our study. The authors did not mention the toxicity and complications at the relatively higher dose. A meta-analysis by Chen et al [20] reported that a dose of ≥60 Gy appeared to be better at improving OS and locoregional control, especially in Asian populations. However, most of these studies were retrospective, had few patients and differed significantly in many factors. Welsh et al [21] explored the effect on local control of simultaneous integrated boost (SIB) to escalate the radiation dose in locally advanced esophageal cancer from a prospective phase I/II trial. The findings concluded that SIB with IMRT or IMRT improved local control; thus, dose escalation was expected to have same outcome. This study also had a smaller group receiving higher radiation (58.8 to 63 Gy) (n = 38) compared to the conventional group (50.4 Gy) (n = 97). In our study, the higher dose conveyed no benefit in local-regional control or distant control (P = .42). Higher radiation did not significantly impact OS, DFS, local-regional control, or distant control. However, improved tumor response was seen in radiation dose above 50.4 Gy (P = .002). An earlier study by Tong et al [22] Figure 3. Kaplan-Meier curves of disease-free survival comparing by radiation dose at 50.4 Gy vs >50.4 Gy. Table 2 The hazard ratio of overall survival and disease-free survival using the univariate and multivariable Cox regression between radiation dose (Gy) 50.4 and >50.4.
Univariate HR (95% CI)
P-value Adjusted by age, sex, Eastern Cooperative Oncology Group, diagnosis years, tumor location, overall stage, radiation field, radiation modality, smoking, alcohol, and betel nut.
Table 3
The distribution of failure pattern among different dose range. showed a positive correlation between OS and the histopathologic response after CCRT. Ma et al [23] reported that raising individualized dose levels has the potential to improve OS, as indicated by an increased rate of complete metabolic response by positron-emission tomography CT (PET-CT). Even though all our subjects had ESCC, we realized that the metabolic response could not substitute for histopathologic response. In this study, tumor response might be improved by escalating the radiation dose greater than 50.4 Gy. However, the impact of this increase on OS and DFS remains to be studied. Further studies are warranted to confirm the positive correlation between tumor complete response and DFS or OS.
Subgroup analyses by tumor location and AJCC stage showed no significant impact on DFS or OS in those receiving either radiation dose.
Major prognostic factors associated with better OS on multivariate analysis were stages I and II patients (P = .03) and radiation technique using arc therapy (P = .04) (Appendix 1, http://links.lww.com/MD/C633). Xu et al [24] found that, compared with step-and-shoot IMRT, volumetric arc therapy had better target conformity. Choi et al [25] found superior conformity index and conformation number in modulated arc therapy compared to step-and-shoot IMRT. These results may suggest that arc therapy be effective for esophageal cancer. However, OS was not affected by the use of this technique. In our study, we hypothesize that the better outcomes in the arc therapy group might be a result of better nutritional support. Arc therapy was started in our center in 2009, and in recent years, our center strictly monitors nutritional care for every esophageal cancer patient, as poor intake is a major cause of poor survival in this group of patients. A study by Sun et al, [26] comparing the nutritional parameters in 502 patients with ESCC, found that baseline nutritional status is predictive of OS in patients with ESCC. The median survival for patients with body mass index (BMI) <18.5 and BMI >24.9 were 19.2 and 51.6 months, while 5-year OSR were 25.2% and 48.1%, respectively. The authors concluded that BMI is a sensitive prognostic parameter for patients with ESCC. Treatment in patients with ESCC with low BMI should integrate the clinical modalities and individual nutritional support. Table 5 Overall survival and disease-free survival using the log-rank test between radiation dose (Gy) 50.4 and >50.4 by tumor location stratification. Table 6 Overall survival and disease-free survival using the log-rank test between radiation dose (Gy) 50.4 and >50.4 by tumor stage stratification. Table 7 The hazard ratio of overall survival and disease-free survival among different radiation dose range (Gy). Our study has some limitations. First, there is the potential for selection bias inherent to retrospective analyses. Second, we did not consider the differences in chemotherapy regimens and course. Third, the conventional group did not have any complete tumor response. Stratified analysis of larger cohorts is needed to confirm our results. Fourth, the evaluation of tumor response was based on RECIST criteria but not uniformly done by the same evaluating tool, causing biases in the study. Lastly, the median dose in the high-dose group (61.8 Gy) was less than that in the INT0123 high-dose group (64.8 Gy).
Overall survival
Conclusion
In modern radiation technology, IMRT is the standard radiation therapy technique utilized in our major cancer center, allowing us to prescribe a higher dose with a better outcome and fewer complications. This concept has been used in various studies of locally advanced unresectable ESCC, although the outcomes remain controversial. Our study shows that a radiation dose greater than 50.4 Gy had no significant impact on OS, DFS, local regional control or distant control in ESCC with IMRT-based CRT. The conclusion coincides with the results of INT0123 (RTOG 9405) and the 2004 to 2012 NCDB study. However, in our study, tumor response might be improved by escalating the radiation dose higher than 50.4 Gy. Further randomized controlled trials are needed to confirm our conclusions and clarify the outcomes for higher radiation doses.
